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Abstract   Imaging brain oxygenation is crucial for preventing brain lesions in 
preterm infants. Our aim is to build and validate a near-infrared optical tomogra-
phy (NIROT) sensor for the head of neonates. This sensor, combined with an 
optoacoustic device, will enable quantitative monitoring of the structural and func-
tional information of the brain. Since the head of preterm infants is small and frag-
ile great care must be taken to produce a comfortable and compact device in which 
a sufficient number of light sources and detectors can be implemented. Here we 
demonstrate our first prototype. Heterogeneous silicone phantoms were produced 
to validate the prototype’s data acquisition, data processing, and image reconstruc-
tion. Reconstructed optical properties agree well with the target values. The me-
chanical performance of the new NIROT sensor prototype confirms its suitability 
for the clinical application. 
1 Introduction 
Cerebral ischemia is one of the key initiating factors for white matter injuries and 
intraventricular hemorrhage in preterm infants [1]. These pathologies are associat-
ed with long-term neurodevelopmental impairments. We are in the design process 
of a novel multimodal hybrid diagnostic imager to quantitatively monitor brain 
oxygenation. The novel imager will integrate an optoacoustic (OA) [2] device and 
a near-infrared optical tomography (NIROT) [3] sensor in a single system. The 
OA device includes an US transducer, which obtains structural information of the 
brain. NIROT will image a more diffuse 3D map of the oxygenation of the pre-
term baby’s brain. Additionally, NIROT provides a 3D fluence (light intensity) es-
timation of the OA source, which can then be used to obtain quantitative oxygena-
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tion values in the OA image. In order to design the prototype NIROT sensor, ge-
ometric constraints and medical conditions have to be considered. 
For accurate reconstructions of the optical properties in the region of interest, a 
sufficient number of light sources and detectors need to be implemented. The av-
erage head circumference of prematurely born infants varies between 21 cm and 
35 cm for gestational age ranging fom 23 to 41 weeks [4]. This severely limits the 
space available for NIROT measurements. Further spatial constraints result from 
the combination with the OA probe that necessarily uses the fontanel aperture for 
measurements. In order to obtain good quality signals, no light may pass directly 
between source and detector fibers. Also, the knowledge of the location of the 
source and detector fibers is crucial for a precise 3D image reconstruction [5]. Ad-
ditionally, the head’s irregular geometry poses difficulties for a good coupling of 
the light fibers to the skin. The fragile skin of premature infants has to be protect-
ed from any injuries. Additionally, sensor materials have to be biocompatible and 
need to be easy to clean and disinfect. Our aim is to build a prototype NIROT sen-
sor that fulfils these requirements and is suitable for clinical application. 
2 Methods 
2.1 NIROT Sensor Overview 
The NIROT sensor geometry is a ring structure, leaving space in its center for the 
OA device, which consists of a handheld ultrasound probe and a light source. The 
NIROT sensor includes 16 source and 4 detector microfiber bundles (Loptek 
GmbH & Co. KG, Berlin, Germany), fixed to a rigid ring (diameter 4.6 cm), 
which is embedded into soft silicone. The source and detector microfibers bundles 
consist of about 470 and 570 microfibers, with a diameter of 30 μm and 70 μm, 
respectively. The source and detector bundles have a bending radius of 4 mm and 
7 mm, respectively. They are highly flexible and thus provide space for the OA 
device. Measurements are performed using the commercially available Imagent 
(ISS Inc., Champaign, IL, USA). It consists of 2x16 laser diodes that emit near-
infrared light at 760 nm and 834 nm with an output power of 10 mW. Four pho-
tomultiplier tubes serve as light detectors. The Imagent is a frequency domain 
(110 MHz) near-infrared spectroscopy device, which measures the phase, ampli-
tude, and mean of the sinusoidally modulated light intensity. 
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2.2 Development of NIROT Sensor 
In a first step, the light fibers are inserted into the 3D printed rigid ring (Fig. 1a, 
ring in dark grey) and fixed with M 1.2 screws (Fig. 2a). This ensures a fixed rela-
tive position of the sensor’s source and detector fibers during the measurement. 
This ring, together with the fibers, is then placed into the mold (Fig. 1a) to cast a 
black silicone casing (Fig. 2b).  
The inner ring and the mold of the NIROT sensor are produced using an Ultimak-
er 2 (Ultimaker B.V., Geldermalsen, the Netherlands) fused deposition modelling 
3D printer. Acrylonitrile butadiene styrene (ABS) is heated up and deposited in 
small layers following the computer model of the different parts (Fig. 1). The noz-
zle size was 0.4 mm. For the 3D prints a layer height of 0.07 mm, a shell thickness 
of 1.4 mm, a fill density of 35% and a print speed of 50 mm/s is chosen. The outer 
shell printing speed is reduced to 35 mm/s to ensure an accurate printing. All 3D 
printed parts are sandpapered thoroughly to remove any directionality of the print-
ing material. This is important to avoid any surface structures in the silicone, 
which might cause light piping. The black silicone casing surrounds the entire 
ring-fiber structure with silicone, except the fiber ends (Fig 2b). This prevents 
light piping from source to detector fibers. In a second casting step, the mold 
shown in Fig. 1b and 1c was employed to fill transparent silicone into the hollow 
space around the fiber ends to create optical windows. To ensure a good light cou-
pling into tissue, the optical windows were designed to be slightly elevated from 
the black silicone structure as can be seen in Figure 1b (part 4). The soft silicone 
casing (Silpuran 2400/25 and Elastosil black RAL9011, WACKER Silicones, 
Burghausen, Nünchritz, Germany) is biocompatible and easy to disinfect. It allows 
the sensor to slightly adapt to the geometry of the head and prevents skin lesions. 
The finished NIROT sensor is shown in Fig. 3. In the NIROT sensor ring, the 
source-detector distance covers a range from 0.7 cm up to 4.6 cm. This results in a 
light intensity variation in the order of 10
3
 [6], which exceeds the Imagent dynam-
ic range. In order to address this problem, the emitted light intensity is attenuated 
with neutral density filters of varying optical density. The optical density of the 
filters is inversely correlated with source and detector distance to maintain an ap-
proximately constant light intensity at the detectors for a homogeneous medium. 
2.3 Validation with Phantoms 
Two heterogeneous silicone head phantoms with optical properties similar to the 
target application in preterm infants [7] were produced to validate the NIROT sen-
sor (Fig. 3b). For this a 3D surface structure was extracted from MRI data and 
printed. From this 3D printed head a silicone mold was made to produce realistic 
head phantoms. Differently sized inclusions may be inserted into the head phan-
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tom’s silicone mold. Here, spherical inclusions were employed to simulate local-
ized lesions in the brain with a step change in optical properties. The head circum-
ference of the phantoms was 28 cm. The phantoms consisted of a bulk material 
with an absorption coefficient of μa ≈ 0.005 mm-1 and a reduced scattering coeffi-
cient of μs’ ≈ 0.5 mm-1. The spherical inclusions (diameter 1.5 cm) in the head 
phantom were chosen to have larger absorption than the bulk material (μa ≈ 0.05 
mm
-1
 and μa ≈ 0.02 mm-1). The μs’ of the inclusions was the same as the back-
ground.  Image reconstructions of optical properties were performed with the 
software Nirfast [8, 9] based on data measured with the Imagent. Nirfast is a finite 
element software to simulate light propagation in tissue. For the reconstruction, a 
spherical shape was implemented in Nirfast to model the phantom head. During 
the 3D image reconstruction μs’ was assumed to be constant. 
3 Results, Discussion and Conclusion 
The new NIROT sensor prototype is compact and light. The ease of handling 
makes it very suitable for the clinical application at the bedside, where space is 
limited. The elevated optical windows of the sensor enable moderate adaption to 
the head’s surface, ensuring good light coupling. No light piping between the 
source and detector fibers was detected during the measurements on the silicone 
head phantoms. Figure 4 shows two center cross-sections of the 3D reconstructed 
image for the phantom with the spherical inclusion with μa ≈ 0.05 mm-1. The 
shape and location of the inclusion was accurately reconstructed. Although the re-
construction model assumes a spherical head shape, it is applied onto a non-
spherical head phantom. This results in a slight distortion of the inclusion shape as 
is visible in Fig. 4. The reconstructed μa of the spherical inclusions are lower than 
the target values (see Section 2.3). This is a well-known effect and mainly results 
from the smearing of the original spherical inclusion.  
Here, we have presented a first prototype NIROT sensor that fulfils all the re-
quirements for its clinical application (together with the OA device). The sensor 
has been validated with phantoms and in the near future the NIROT sensor will be 
tested in a dedicated clinical trial. For this the NIROT sensor design will be slight-
ly changed to fit an egg-like shape, corresponding closer to the head than the cur-
rent spherical shape to enable measurements in patients. 
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Fig. 1. (a) shows the mold employed to cast the black silicone casing. It consists of parts 1, 2, 
and 3. The rigid ring to which the fibers will be fixed is shown in dark grey. (b) and (c) show two 
views of the mold (parts 1 and 4) used to fill the optical windows with transparent silicone. 
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Fig. 2. (a) shows the 3D printed rigid inner ring. Some source and detector fibers are fixed to it 
with the help of screws that are inserted perpendicular to the fibers. (b) shows the fiber/ring 
structure embedded into black biocompatible silicone casing. The space around the fiber ends 
will later be filled with transparent silicone in order to create optical windows.  
 
Fig. 3. (a) Finished NIROT sensor prototype with 16 sources and 4 detectors. (b) shows the 
NIROT sensor placed on a silicone baby head phantom. The fibers are spread apart to provide 
space in the middle for the OA measurement. 
 
Fig. 4. Two center cross-sections of the 3D image reconstruction of the absorption coefficient are 




 of the spherical inclusion. 
The spherical inclusion’s actual size and location is shown in dashed lines.  
